INTRODUCTION
Exciton Migration Light energy is absorbed by chlorophylls, bacteriochlorophylls (Bchl), and other light-harvesting pigmented molecules, including phycobilines and carotenoids. The effect of light excitation is the creation of mobile electronic singlet states, called "excitons" (52) . The photosynthetic apparatus is so organized that these excitons migrate with high efficiency of capture by chlorophylls or Bchl a in reaction centers (RC) . This process can be described as a random walk through the aggregates of light-harvesting pigments ("antennae") (8, 77, 78) . The excitons are eventually trapped in the RC. The excitation energy of these excitons is converted to a charge-separated state with a high efficiency (15) . Thereby there begin processes which finally result in a membrane potential and a proton gradient across the membrane (76) .
Energy Dissipation
If RC do not trap the excitons, i.e., if they are "closed," energy is dissipated as fluorescence or another mode of energy loss (1). The fluorescence lifetime of antenna Bchl is on the order of 10 to 80 ps (8). The fate of created excitons depends on the turnover rate of RC and the number of excited states relative to antenna molecules. Furthermore, the size of the photosynthetic unit, i.e., the number of antenna molecules per RC, and the topography of the photosynthetic units seem to be important in determining the efficiency of energy transfer (35, 77) .
Although exciton migration is a random walk over the antennae, the photosynthetic membrane of Rhodospirillales, having two light-harvesting complexes, is so structured that the excitons move with a high probability through the sequence: carotenoids (located in different microenvironments) carotenoids crt. -* B800-* B850 -+ B870-+ RC (29, 32, 53) Per mol of RC, about 20 mol of Bchl B870 and 40 to 80 mol of Bchl B800-850 are present in cells of Rhodopseudomonas capsulata, grown at low light intensities (88, 91) . Most of the energy which is not used for charge separation in the RC appears as fluorescence emission from the B870 Bchl (32, 120) . In an early state of membrane development, when new pigment-protein complexes are inserted into a lipid-rich membrane or incorporated in vitro into liposomes, having a low protein/lipid ratio, the mean distance between the pigment-protein complexes is greater than in fully developed membranes. In such membrane preparations, in addition to fluorescence of B870, emission of B850 becomes prominent, indicating a less efficient energy transfer between B850 and B870 (44, 50, 86) .
Pigment-Protein Complexes
In addition to the mean distance between the pigment complexes in the membrane, the arrangement of the complexes in the membrane seems to be important. Kinetic studies on fluorescence emission suggest that the B870 complexes are organized in the membrane so as to interconnect many RC and that the B800-850 complexes are arranged peripherally, interconnecting many photosynthetic units (63) .
The different variants of this "lake" model are based on kinetic measurements of exited states. By studying singletsinglet quenching of the Bchl fluorescence yield as a function of excitation intensity, the functional size of antenna com-plexes has been determined. It was concluded that about four B870 complexes of Rhodopseudomonas sphaeroides surround and interconnect each RC. About 12 to 18 B870 complexes (8 Bchl a per complex) having 100 to 140 Bchl a molecules are energetically connected. They were surrounded by the large B800-850 association having 600 or more connected Bchl a molecules, which are organized into about 22 B800-850 complexes having 25 to 30 Bchl a molecules (110) . It is proposed that in Rhodospirillum rubrum between 100 and 140 B880 Bchl molecules are energetically connected (110) .
Both models assume a morphological arrangement of functional units which would be in contradiction to the expected random distribution of proteins in a phospholipid bilayer (43, 93) . Pigment molecules involved in exciton transfer and trapping are generally noncovalently bound to integral membrane proteins, except for the membrane-attached phycobilisomes and chlorosomes (22, 24, 49, 74) . The Bchl-binding polypeptides protect Bchl molecules in the hydrophobic interior and orient the pigment molecules in the plane of the membrane (9). The close distance between pigment molecules and their orientation in the membrane, which critically affect the hopping motion of excitons from Bchl to Bchl molecule, is proposed to result from proteinprotein interactions in the membrane rather than random collision of polypeptides in the lipid bilayer (51) . A proteinprotein interaction between integral membrane particles has been indicated by electron microscopic studies on the regular arrangement of particles in the intracytoplasmic membrane and by X-ray studies on the RC of the Bchl b-containing phototrophic bacterium Rhodopseudomonas viridis (28, 36, (59) (60) (61) (62) Arrangement and relative concentrations of the components of the photosynthetic apparatus are not fixed but are variable, arising out of growth conditions which not only determine metabolic rates but also influence membrane differentiation, i.e., adaptation to specific culture history. Oxygen partial pressure in the medium and the incident photon flux determine the size and number of photosynthetic units per cell and per membrane protein in facultative phototrophic bacteria (38, 39, 49, 50) . The size of the photosynthetic unit in many members of the family Rhodospirillaceae is regulated by variation of the relative amount of a second light-harvesting complex, i.e., B800- (11, 12, 97, 98, 102) , which is believed to interact with Bchl (26, 57) . The P-polypeptides of the B870 and B800-850 complexes of Rhodopseudomonas capsulata and Rhodopseudomonas sphaeroides have a second conservative histidine residue located at the beginning of the hydrophobic segment, close to the membrane surface (12, 98, 102 (Fig. 1 ). This stretch of hydrophobic amino acids with an a-helical structure is at the C-terminal end of the polypeptide chain (B870, and B800, small polypeptides) or forms the central part of the chain having N and C terminals of different length, containing in part small hydrophobic stretches as well as charged amino acids (B870a and B850a large Bchl-binding polypeptides; Fig. 1 ).
The cross sectional distribution of the conserved histidines in the hydrophobic regions has been studied through construction of helical wheels (2). The histidine of the B870, polypeptide (position 38) lies in the fourth turn, that of the B870a polypeptide lies in the third turn, that of the B800-850a polypeptide lies in the fifth turn, and that of the B800-8500 polypeptide lies in the fourth turn of the a-helix considered from the N-terminal end of the polypeptide chains (Fig. 2) . Thus, the tetrapyrrol rings seem to be localized in the exoplasmic leaflet of the membrane lipid double layer (Fig. 3) . The stoichiometry of Bchl molecules per pigment-binding polypeptide chain in the B800-850 antenna complex of Rhodopseudomonas capsulata (92) and Rhodopseudomonas sphaeroides (17, 20, 23, 110) has been determined to be 1.5. Other amino acid residues besides histidine might act as ligands for Mg-tetrapyrrol rings (Fig.  3) . The role of the second histidine in the P-polypeptides of the B870 and B800-850 complexes is yet to be determined.
All membrane-spanning regions of the chains contain very few charged or polar residues. Based on the membrane-bur- Youvan, unpublished data) . In the x-axis (abscissa) the amino acid composition is given in a one-letter code. The point above the letters marks each 10th amino acid.
ied preference parameter for the 20 amino acids (2), a clustering of amino acids with membrane-buried preferences on one side of the o-helix, as has been shown for bacteriorhodopsin and other proteolipids (2, 27), is not obvious in the helical wheels of the four light-harvesting polypeptides (Fig. 2) . It is concluded that the a-helixes have no polar sites, but the charged amino acids contributing to the secondary transmembrane protein structure may be important for intramembrane protein-protein interactions.
From results obtained by polarized infrared spectroscopy it has been proposed that, on the average, the a-helices of the intrinsic proteins are tilted at less than 400 to the plane of the photosynthetic membrane (65) .
The light-harvesting complexes B870 and B800-850 of Rhodopseudomonas sphaeroides and Rhodopseudomonas palustris, the B880 complex of Rhodospirillum rubrum, and the B1020 complex of Rhodopseudomonas viridis also contain two low-molecular-weight polypeptides binding 2 to 3 mol of Bchl and 1 to 2 mol of carotenoid per pair of proteins ( Fig. 1 ) and the hydropathy plot ( Fig. la and b) pigments, formed only homo-oligomers (79) . The 14K polypeptide could be removed from the complex without affecting spectral integrity (31) . It was concluded that the B800-850 complex contained at least four of each polypeptide, assuming a 1:1:1 stoichiometry of the polypeptides. The cross-linking data were consistent with the determination of the apparent Mr by detergent fractionation, ultracentrifugation, and gel chromatography (83, 92) . The B850 spectral form of the antenna complex B800-850 of Rhodopseudomonas capsulata was proposed to consist of the large pigment-binding polypeptide B850a (97) and two excitoncoupled Bchl molecules (7, 31, 92) . Since the B850 moiety could not be separated from B800 it was believed that the B8001 and the B850a polypeptides were bound to each other, though these polypeptides could not be cross-linked (79, 83) .
From the CD spectrum of this complex (7), fluorescence emission, and singlet-singlet quenching fluorescence measurements (53, 110) , it is clear that the carotenoid and Bchl molecules are in different environments and differ in orientation and distance from each other.
Oligomeric forms have also been obtained with the B870 complex of Rhodopseudomonas capsulata and the B1020 (Bchl b) complex of Rhodopseudomonas viridis (81, 84) . In vivo the B870 complex probably is in the tetrameric state containing two different polypeptides of apparent Mr 12,000 and 7,000 (81, 82) . The 8K and 12K polypeptides of the light-harvesting complex B1020 formed homo-oligomers, or at least hexamers (84) . The oligomeric state of the B1020 light-harvesting complex of Rhodopseudomonas viridis has been visualized by electron microscopy of the isolated RC-B1020 complex and by Fourier processing of micrographs from the particle patterns in the membrane. The oligomeric B1020 light-harvesting complexes are believed to surround the RC as a ringlike structure (28, 94 (111) . The smallest isolated B800-850 complex contained 8 to 10 Bchl 850 molecules (53) .
The sole light-harvesting complex of Rhodospirillum rubrum B880 consists also of two low-nwolecular-weight polypeptides (11, 12, 19, 85) which have properties similar to those of the Bchl-binding polypeptides of other light-harvesting complexes: although the sequence homology between the at-and 1-subunits is very low (12) , they have basically the same structure, that is, a central hydrophobic domain with an a-helix of five to six turns and N-terminal and C-terminal stretches exposed on opposite membrane surfaces (13) . Each B880 complex contains an oligomer of the pair a,,B polypeptides, presumably a2P2 (11, 12) . Four mnoles of Bchl and 2 mol of spirilloxanthin are bound per two B880a and two B88013 polypeptides (19, 85) . The N terminus of B870a is located on the cytoplasmic side of the intracytoplasmic membrane. The C termini of B800a and B8701 polypeptides are exposed on the periplasmic side (inside the chromatophore vesicle) (13) .
From the location of the histidine residue it was concluded that the tetrapyrrol rings of Bchl are located in the periplasmic leaflet in the chromatophore membrane (13) . It is further postulated that aromatic amino acids in conserved portions relative to histidine interact with the tetrapyrrol rings (13) that are oriented parallel to the membrane plane (9, 109). B800-830, and B800-850 (18) . Aggregated forms of subunits having stoichiometry similar to that of-the-light-harvesting complexes described above are assumed (Table 1) .
COMPOSITION AND ORGANIZATION OF RC RC have been isolated from six species of Rhodospirillaceae (Table 2 ). The RC ofRhodopseudomonas sphaeroides has been thoroughly studied in regard to its photochemistry and composition (for reviews, see references 29, 72, 76) ; the RC of Rhodopseudomonas viridis has been crystallized and resolved in its structure by X-ray diffraction (59, 61 Protein Components RC from Rhodopseudomonas sphaeroides and Rhodopseudomonas capsulata contain three polypeptides, designated as H (heavy), M (medium), and L (light) subunits, having apparent Mrs of 28,000, 24,000, and 21,000 (68, 72, 73, 95) . The M and L subunits bind 4 mol of Bchl, 2 mol of bacteriopheophytin, 1 mol of carotenoid, 2 mol of ubiquinone, and 1 mol of iron, all of which appear to be essential for photochemical activity (76) . The functioh of the third, H, is not known (see below). Recent results of DNA and amino acid sequence determinations have shown that the M subunit is the largest and H is the smallest polypeptide (Table 2) (117, 119) . M and L subunits have similar deduced amino acid sequences (119) . Each polypeptide chain of M and L contains five stretches of hydrophobic ahnino acids which are believed to span the membrane as a-helices (117, 119) . The entire polypeptide sequence of the M subunit is highly conserved. M -subunits of Rhodopseudomonas sphaeroides and Rhodopseudomonas capsulata have a homology of 76.5% (117, 119) . The amino-terminal sequence of L subunits are conserved between the two organisms (118) . The H subunit, in contrast to L and M subunits, has only one hydrophobic section near the amino terminus (119) . N-terminal sequences of subunits L and M of the RC ofRhodospirillum rubrum have been published recently (103) .
Structure and Topography
Studies on the topography of RC polypeptides by proteolysis and site-specific labeling, as well as by X-ray and neutron diffraction, have shown that the RC is asymmetrically arranged (5, 66, 72, 75, 108, 112) . All three subtinits are exposed on the cytoplasmic surface and seem to be less exposed on the exoplasmic surface. There is no consensus as to which subunit is accessible from the exoplasmic side (3, 45, 56, 70, 80, 107, 108, 112, 123) . All three subunits of RC interact (100, 115, 116) . The high degree of a-helix structure is shown by UV CD (66) . RC forms integral membrane particles which can be visualized in lipid vesicles (9, 89; T. Schonhardt, J. Golecki, and G. Drews, unpublished data). From the diameter of particles it appears that RC occur in the membrane as tri-or tetramers (58) , but this has not been confirmed by chemical cross-linking (25, 100) . The relative distance between primary donor P and the intermediary pheophytin acceptor is about 1.6 nin, the distance between pheophytin and the iron-ubiquinone acceptor Q is about 0.8 nm, and the distance P-Q is about 2.4 nm (106) . The H subunit of RC seems to be exposed on the cytoplasmic surface of the membrane; the M and L subunits are buried in the membrane (23a, 45, 119) . Partial proteolysis VOL. 49, 1985 on October 25, 2017 by guest http://mmbr.asm.org/ Downloaded from and mild detergent treatment of membranes show that the L subunit is most resistant and retains photochemical activity (37, 82, 114) .
Very recently the orientation and localization of the pigment molecules and of the five transmembrane a-helices of L and M subunits of the Bchl b-containing bacterium Rhodopseudomonas viridis have been determined (23a, 61) . The L and M subunits, each possessing five transmembrane helices, form the central part of the RC in the intracytoplasmic membrane. The Bchl and bacteriopheophytin ring systems are symmetrically arranged around an axis perpendicular to the plane of the membrane. This axis passed through the special pair (dimer of Bchl, primary donor in the extraplasmic leaflet of the membrane) and the nonheme iron atom on the cytoplasmic side of the membrane. The tetrapyrrol rings of the two Bchl b molecules of the special pair, which donates one electron in the excited state, are oriented nearly parallel and overlap in pyrrol ring I. Their planes are perpendicular to the membrane. The distance between the pyrrol rings is about 0.3 nm. The acetyl groups at pyrrol ring I are ligands for the Mg atonm of the other Bchl b molecule in the special pair. In the close neighborhood of the special pair on each side of the symmetry axis are located two single Bchl b molecules (Mg-Mg distance, 1.3 nm) and two bacteriopheophytin molecules. The angles between the planes of the pyrrol rings and the membrane are different for each type of tetrapyrrol. Adjacent to one bacteriopheophytin molecule is one menaquinone molecule. Probably the electron migrates from the primary donor special pair via one Bchl b molecule to bacteriopheophytin and from there to the quinone. The second equivalent quinone was not detected. The H subunit has only one transmembrane helix parallel to the other helices and a globular domain on the cytoplasmic surface of the membrane. On the opposite, presumably extracytoplasmic, side is another globular polypeptide having four heme groups, presumably cytochrome c. The distance between the primary donor and heme c group is 2 nm. The length of the total RC along the twofold axis is 13 nm (23a). The crystallized RC are photochemically active (121) .
The localization of the pigment molecules in the M,L-ahelices fits very well with the sequence of intermediates of the primary reaction from *P960 to cytochrome c+ ([P960]2', P830+, P787+, Q-, Cyt558+). However, at present it is not clear whether only one way from the primary donor via single Bchl b, bacteriopheophytin b, and menaquinone is used.
LATERAL TOPOGRAPHY OF PIGMENT-PROTEIN COMPLEXES
Topographical relationships between the polypeptides of the complexes have been studied by reversible chemical cross-linking as described above. Cross-linking was observed between monomer RC subunits H and M and also H and L (83, 100, 101, 116) (Fig. 4) . Close spatial relationships exist also between subunit H of RC and oligomers of both polypeptides of the B870 antenna complex (83) . A direct interaction between RC and B870 or B1020 antenna complexes was also observed in fractions obtained by mild treatment of membranes with detergents (46) and immunofractionation (100) . All data support the idea that in membranes of Rhodopseudomonas capsulata RC is surrounded by about three oligomeric B870 antenna complexes (presumably tetramers; 25). The polypeptides of the B800-850 complex form homo-oligomers by chemical cross-linking. The Mr of B800-850 complexes isolated by different methods is in agreement with cross-linking data, about 180,000, suggesting a tetrameric state of the B800-850 complex in vivo (83, 92) .
Although a cross-linking between the large Bchl-binding polypeptide of B800-850 and the H subunit has been reported (83), a direct relationship of RC and B800-850 antenna in the membrane is unlikely because they interact functionally with low efficiency. They do not form complexes during detergent fractionation of membranes and they are synthesized separately at different rates (24, 25, 67, 83, 91 ; Schonhardt and Drews, unpublished data; A. Crofts, personal communication). It is, however, possible that the H subunit binds on the surface of the intracytoplasmic membrane to the polypeptide of the B800-850 complex. Chemical cross-linking was also observed between RC-H and both polypeptides of the B1020 antenna complex of Rhodopseudomonas viridis (84) . Near-neighbor relationships between monomers of RC and tetramers of B870 have also been proposed for Rhodopseudomonas sphaeroides (R. Niederman, unpublished data) and Rhodospirillum rubrum (Loach, unpublished data). (Fig. 5) . Twelve subunits of the B1020 antenna complex are believed to surround the RC of Rhodopseudomonas viridis (94) . The B800-850 and possibly B830 and other spectral forms of antenna complexes exist in vivo as oligomers (possibly tetramers) of their basic subunits, which are believed to stabilize the molecular organization of Bchl and carotenoid molecules. The molecular organization relates to orientation of tetrapyrrol rings and carotenoid molecules in the plane of the membrane and optimum distances between the pigment molecules. The B800-850 complexes surround a number of RC-B870 complexes (Fig. 5) . (79, 83, 100) . X labels complexes with transmembrane polypeptides as ATPase and quinol-cytochrome b-c oxidoreductase which are present in R. capsulata, but the topography has not been studied.
SUMMARY
Other transmembrane complexes are interspersed in between the pigment-protein complexes, such as ATPase and quinol-cytochrome b-c oxidoreductase (41, 87; Fig. 5 ). The influence of protein-protein interaction within and between functional membrane complexes needs study with regard to lateral diffusion of proteins in membranes and functional as well as structural differentiation of membranes in phototrophic bacteria (50, 51 (88) .
It is unknown at present whether or not light intensity has, besides the described effects on membrane differentiation, a direct influence on conformation of pigment-binding proteins, e.g., by protein phosphorylation. It is possible that the structural organization of the photosynthetic unit antenna, after adaptation of high light intensities, is optimized to high turnover rates of RC at high light intensities with loss of high photon absorption efficiency of RC. High-light membranes could have shorter trapping times for excitons. The minimum mean distance between antenna Bchl molecules can be attained if the antenna complexes form a lattice structure. Different lattice structures could be formed under the influence of conformation changes and variations of protein-protein interactions induced by variations in growth conditions. At present no experimental data are available which demonstrate dependence of trapping time for excitation energy on lattice structure. There are, however, expectations based on theoretical considerations and calculations (8, 33, 35, 77, 120) . Although it cannot be excluded that the high rates of photophosphorylation at high saturating light intensities in high-light membranes depend on faster cyclic electron flow, the influence of lattice structure of RC-antenna arrays on efficiency of exciton migration and trapping may teach us more about the structural bases of efficient energy transformation. 
